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(57) ABSTRACT 
The invention relates to a DC-DC converter, which includes a 
power stage driven by a pulse width modulator, a first error 
amplifier with a first input coupled to a first reference voltage 
Source and a second input coupled to a current sink through 
which a current is fed from an output of the power stage to 
receive a first feedback voltage (FB1), a second error ampli 
fier with a first input coupled to a second reference Voltage 
Source and a second input coupled to the output of the power 
stage to receive a second reference Voltage (FB2), and Switch 
ing means (SW1) for connecting a control input of the pulse 
width modulator with the output of the first error amplifier in 
a current regulation mode and with the output of the second 
error amplifier in a Voltage regulation control mode. 
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DUAL MODE REGULATION LOOPFOR 
SWITCH MODE POWER CONVERTER 

This application claims priority from German Patent 
Application No. 10 2007014399.2, filed Mar. 26, 2007, the 
entirety of which is hereby incorporated herein by reference. 

FIELD OF THE INVENTION 

The invention relates generally to a DC-DC converter; and, 
more specifically, to a DC-DC converter with a power stage 
driven by a pulse width modulator. 

BACKGROUND 

DC-DC converters are used for a broad variety of applica 
tions and devices, in particular battery driven hand-held and 
portable applications. Some devices require several different 
voltages or currents for different parts and functions of the 
device. One example for such device is a cell phone with an 
integrated camera module, where a constant Voltage may be 
required for the regular cell phone functions and a high cur 
rent for the flashlight of the camera. A conventional approach 
provides an individual DC-DC converter stage with indi 
vidual regulation loops for each function. However, this 
approach is expensive, power consuming and bulky. 

SUMMARY 

It is an object of the invention to provide a DC-DC con 
verter that is suitable for multiple different applications and 
yet is smaller in size and less complex than prior art solutions. 

Accordingly, a DC-DC converter with a power stage driven 
by a pulse width modulator is provided. In a described 
embodiment, the converter includes a first error amplifier, a 
second error amplifier, and Switching circuitry for connecting 
a control input of the pulse width modulator to an output of 
the first error amplifier in a current regulation mode and to an 
output of the second error amplifier in a Voltage regulation 
control mode. The first error amplifier has a first input coupled 
to a first reference Voltage source and a second input coupled 
to receive a first feedback voltage from a current sink through 
which a current is fed from an output of the power stage. The 
second error amplifier has a first input coupled to a second 
reference Voltage source and a second input coupled to 
receive a second reference Voltage through connection to the 
output of the power stage. The Switching circuitry enables the 
DC-DC converter to support at least two different regulation 
mechanisms. Either one of the regulation mechanisms can be 
implemented by an individual regulation loop (feedback 
loop) coupled to an individual error amplifier. A control input 
of the pulse width modulator is switched between the outputs 
of the error amplifiers, thereby switching the DC-DC con 
Verter from one regulation mode (e.g. for regulating the out 
put Voltage to a constant level) to another regulation mode 
(e.g. for providing a constant output current). 
When using one DC-DC converter for two different appli 

cations with two different magnitudes (i.e. output Voltages or 
currents), however, the Switching may cause strong loop 
responses which could lead to undesired and unstable output 
signals for the DC-DC converter. Therefore, the DC-DC con 
Verter may also be advantageously provided with a reference 
Voltage controller for dynamically varying the Voltage value 
of the second reference Voltage source in order to reduce 
transients when Switching between the Voltage and current 
regulation modes. In one implementation, the reference Volt 
age controller is adapted to vary the value of the second 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
reference Voltage source from a predetermined reference 
voltage value towards the first reference voltage after a tran 
sition from the Voltage regulation mode to the current regu 
lation mode, and to Supply a first comparison result to the 
input of the pulse width modulator by a first switch only when 
the second reference Voltage is Substantially equal to the first 
reference Voltage. The reference Voltage controlling circuit is 
further adapted to keep the second reference Voltage close to 
the second feedback Voltage during the current regulation 
mode. The reference Voltage controller is adapted to change 
the second reference voltage back to the predetermined ref 
erence Voltage value only after connecting the output of the 
second error amplifier to the control input of the pulse width 
modulator by the first switch in response to a transition from 
the current regulation mode to the Voltage regulation mode. 
Accordingly, the invention provides a way to avoid destabi 
lization of the DC-DC converter due to transients produced 
by switching between different regulation modes. 
The DC-DC converter according to described implemen 

tations is suitable to change quickly and Smoothly from the 
current regulation mode to the Voltage regulation mode, and 
vice versa. If the DC-DC converter regulates the output volt 
age in the Voltage regulation mode, and the DC-DC converter 
is Switched from the Voltage regulation mode to the current 
regulation mode, the second reference Voltage is Smoothly 
changed to approach the first reference voltage before the first 
switch connects the output of the first error amplifier to the 
pulse width modulator. By Smoothly adjusting the second 
reference Voltage, the output Voltage at the output node of the 
DC-DC converter is also smoothly adapted and the first feed 
back voltage approaches the first reference voltage. The first 
and the second reference Voltages are at a substantially equal 
voltage level, if the control input of the pulse width modulator 
is switched from the output of the second error amplifier to the 
first error amplifier. Accordingly, oscillations of the Voltages 
and currents due to an abrupt change of the input of the first 
regulation loop (i.e. feedback loop) are minimized and the 
DC-DC converter settles quickly in the current regulation 
mode. During the current control mode, the second reference 
Voltage is held at a Voltage level which is basically equal to the 
Voltage level occurring at the second feedback path in the 
current control mode. Accordingly, the two input signals of 
the second error amplifier are equal. If the DC-DC converter 
is Switched back to the Voltage regulation mode, no transient 
will occur in the second regulation loop (or feedback loop). 
Finally, in order to produce the correct output voltage at the 
output node of the DC-DC converter, the second reference 
Voltage is Smoothly returned to an initial and predetermined 
value, which is set so as to generate a specific output Voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further aspects of the invention will be evident from the 
following description of example embodiments with refer 
ence to the accompanying drawings, wherein: 

FIG. 1 shows a simplified schematic of a DC-DC converter 
according to an embodiment of the principles of the inven 
tion; 

FIGS. 2A-2D show waveforms of voltages and currents of 
a DC-DC converter without transient reduction; 

FIG.3 shows a simplified schematic of an example circuit 
implementation for varying the second reference Voltage in 
accordance with principles of the invention; 

FIGS. 4A-4D show waveforms of voltages and currents of 
a DC-DC converter with a circuit according to the embodi 
ment of FIG.3 being switched from voltage regulation mode 
to current regulation mode; and 
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FIGS.5A-5D show waveforms of voltages and currents of 
a DC-DC converter with a circuit according to the embodi 
ment of FIG. 3 switched from current regulation mode to 
Voltage regulation mode. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

FIG. 1 shows a simplified schematic of an example DC-DC 
converter according to an aspect of the invention. The DC-DC 
converter includes a power Switch, as, for example, a power 
NMOS transistor NM1, and a second switch (or a diode) 
PM1, and a pulse width modulator PWM for controlling the 
power switch NM1 and the switch PM1. The primary power 
supply is represented by VIN on one side of the inductor L. 
The pulse width modulator PWM switches the switches NM1 
and PM1 in order to provide a regulated output voltage VOUT 
at the output node of the DC-DC converter. A capacitor C1 
serves to buffer and smooth the output voltage VOUT. 
The DC-DC converter provides two modes of operation: a 

current regulation mode and a Voltage regulation mode. In the 
current regulation mode, a Substantially constant output cur 
rent is fed to a load by a current sink CS1 (for example, an 
LED) and the voltage VLED is controlled to a specific value. 
The output voltage VOUT basically follows VLED plus the 
LED forward voltage, which means typically that VOUT 
decreases. In the Voltage regulation mode, a constant output 
voltage VOUT is produced at the output terminal. When the 
output current path through the LED is switched off (by 
switch SW3, described below), VLED basically follows 
VOUT. 

There are two error amplifiers A1, A2 for comparing feed 
back voltages FB1, FB2 with a respective reference voltage 
VREF1, VREF2. A first feedback path is coupled to the first 
error amplifier A1 and adapted to provide a first feedback 
voltage FB1 derived from the current source CS1 which pro 
vides the output current ILED flowing through the LED. In 
the embodiment shown in FIG. 1, the first feedback voltage 
FB1 is equal to the voltage VLED. Error amplifier A1 com 
pares the first feedback voltage FB1 to a first reference volt 
age VREF1, to provide a first comparison result at the output 
of the first error amplifier (comparator) A1. A second feed 
back path is coupled to the second error amplifier A2 and 
adapted to provide a second feedback voltage FB2 derived 
from the output voltage VOUT by voltage divider R1,R2. The 
feedback voltages FB1, FB2 are different from each other. 
The second error amplifier A2 compares the second feedback 
voltage FB2 with a second reference voltage VREF2 to pro 
vide a second comparison result. 
A switch SW1 is adapted to connect a control input of the 

pulse width modulator PWMalternatively to the output of the 
first error amplifier A1 or to the output of the second error 
amplifier A2, in response to a transition from the current 
regulation mode to the Voltage regulation mode, and vice 
versa. Switch SW3 is used to connect the light emitting diode 
LED to the current sink CS1, thereby switching on the LED. 
The current sink CS1 may be implemented as a current mir 
ror, or the like. 

In order to establish a predetermined regulated VLED, the 
DC-DC converter enters into the current control mode. In the 
current control mode, the voltage FB1 (VLED) at the current 
sink CS1 is used as an input for the first error amplifier A1. 
When the output of error amplifier A1 is switched to the 
control input of the pulse width modulator PWM, the first 
regulation loop is closed and the output voltage VOUT fol 
lows the regulation for VLED. The LED serves only to illus 
trate a light emitting semiconductor device. Instead of one 
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4 
LED, numerous LEDs in parallel or in series, as well as a 
single or multiple LEDs on one die, may be used. A Switching 
sequence control stage SC Symbolizes additional control 
mechanisms used to provide the correct Switching sequence 
for switches SW1 and SW3. The two error amplifiers A1 and 
A2 share the same compensation network (which is reflected 
here by compensation capacitor C2). Dependent on the mode 
of regulation, either the first error amplifier A1 or the second 
error amplifier A2 is connected to the compensation capaci 
tOr. 

The dashed line in FIG. 1 indicates a possible partitioning 
between parts, the parts within the dashed line typically inte 
grated onto a single die (chip) comprising silicon or other 
semiconductor material and those outside the dashed line not 
integrated, i.e., being left external to the chip and typically 
located on a board together with the chip. The configuration 
indicated by the dashed line in FIG. 1 relates to a typical 
CMOS or BICMOS technology. However, a different par 
tioning may be applied for different technologies. 

FIGS. 2A-2D illustrate waveforms relating to the output 
voltage VOUT, the voltage VLED at the light emitting diode 
LED, the current IL through the inductor L, and the current 
ILED through the light emitting diode LED, respectively (see 
Voltage and current indications in FIG. 1). 

FIGS. 2A-2D show a typical mode transition situation, 
wherein the DC-DC converter is switched from voltage regu 
lation mode to current regulation mode at 200 LS. Corre 
spondingly, the DC-DC converteris Switched from regulating 
VOUT (i.e., from the Voltage regulation mode) to regulating 
VLED (i.e., to the current regulation mode). So, the DC-DC 
converter allows Switching from one regulation mechanism to 
the other by switching the control input of the pulse width 
modulator between the outputs of the first and the second 
error amplifiers. However, if the DC-DC converter switches 
from Voltage regulation mode to current regulation mode, the 
voltage VLED at the light emitting diode LED starts from a 
very high voltage, far away from the voltage level to be 
achieved in a current regulation mode. During the Voltage 
regulation mode, the light emitting semiconductor device 
LED is disconnected by switch SW3, which means that 
VLED is almost equal to VOUT (e.g., typically 5 V). The 
current regulation loop (the first feedback loop) tries to regu 
late VLED down to a much smaller voltage (e.g., 250 mV). 

FIG. 2A shows the input voltage VIN from the primary 
power Supply which is constant throughout, and the output 
voltage VOUT which drops down after 200 us and oscillates 
for the next 40 us. FIG. 2B shows the voltage VLED at the 
light emitting diode. The first part of the waveform is not 
shown, VLED being close to VOUT, as described above. 
After Switching from the Voltage regulation mode to the cur 
rent regulation mode at 200 us, VLED drops down. As shown 
in FIG. 2C, the regulation activities of the first feedback loop 
result in significant uncontrolled negative inductor currents. 
This may entail a strong Voltage overshoot in the primary 
power supply (e.g., a battery). FIG. 2D shows the current 
through the light emitting diode LED. After closing switch 
SW3 (shown in FIG. 1), the current ILED increases in order 
to reach a final value of approximately 0.5 A. As shown in all 
FIGS. 2A-2D, the transition from the voltage regulation mode 
to the current regulation mode entails a long period where the 
currents and Voltages approach in an oscillating manner their 
final values. 

FIG.3 shows a simplified schematic of a circuit implemen 
tation used to control the second reference voltage VREF2 
according to the invention. During the current regulation 
mode, the second feedback voltage FB2 is coupled through an 
NMOS transistor NM2 and a switch SW2 to the gate of an 
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NMOS transistor NM3. Current Sources CS2 and CS5 Source 
and sink approximately the same current (ICS5 is equal to 
ICS2), which flows through transistor NM2. Transistor NM2 
is diode-coupled and the current ICS6 provided by current 
source CS6 is also equal to ICS5 and ICS2, so that the gate 
source voltage of transistor NM3 reaches a value, such that 
VREF2 equals FB2. If the control mode of the DC-DC con 
verter is switched from the current regulation mode to the 
voltage regulation mode, the switch SW3 is closed and the 
current source CS3 adds a specific current ICS3 such that the 
voltage at capacitor C3 and at the gate of transistor NM3 
increases smoothly. Accordingly, the voltage VREF2 
approaches VREFIN. If the DC-DC converter is switched 
from the Voltage regulation mode to the current regulation 
mode, switch SW4 is switched on and SW3 is switched off. 
Accordingly, the second reference voltage VREF2 is slowly 
ramped down. The converter remains in the Voltage regula 
tion mode until VREF2 is equal to VREF1 (e.g., 250 mV) and 
then the DC-DC converter is switched to the current regula 
tion mode. The comparison between VREF1 and VREF2 is 
carried out by error amplifier A3. The end of transition is 
indicated by signal ET. The switching control of switches 
SW2, SW3 and SW4 is symbolized by the sequence control 
stage SC. 

FIGS. 4A-4D show waveforms of some voltages and cur 
rents in a DC-DC converter according to the invention having 
a reference voltage controller as shown FIG. 3. As a result, no 
negative currents occur at the inductor L, and the inductor 
current IL is Smoothly regulated to the target value. At 400 LS, 
the DC-DC converter is switched from the voltage regulation 
mode to the current regulation mode. As shown in FIG. 4A, 
the reference voltage VREF2 is smoothly decreased from 
approximately 1.25 V to 0.25 V, which is the value of VREF1 
(not shown in FIG. 4A). FIG. 4B shows the end of transition 
signal ET indicating that the second reference voltage VREF2 
is sufficiently close to the first reference voltage VREF1, such 
that the control input of the pulse width modulator can be 
switched. FIG. 4C shows the output voltage VOUT and the 
voltage at the light emitting diode VLED. The output voltage 
VOUT decreases smoothly after 400 us. VLED shows a sharp 
edge due to switching on of the current path through the LED. 
After this first drop, the voltage VLED approaches smoothly 
approximately 250 mV. FIG. 4D shows the currents IL and 
ILED. Both currents reach their final levels smoothly without 
undue oscillation. 

FIGS. 5A-5D show the same signals as shown in FIGS. 
4A-4D, but now for a change from current regulation mode to 
Voltage regulation mode at 800 us. In this situation, the output 
of the second error amplifier A2 is connected immediately to 
the control input of the pulse width modulator. As the second 
reference voltage VREF2 has been kept close to the second 
feedback Voltage FB2 during the current regulation mode, no 
oscillation occurs. After 800 us, the second reference voltage 
VREF2 is smoothly increased to reach approximately 1.25 V 
after 950 us. The end of transition signal ET changes imme 
diately at 800 us indicating that the control input of the pulse 
width modulator is immediately switched to the output of the 
second error amplifier A2. As VREF2 is increased smoothly, 
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6 
VOUT follows as shown in FIG. 5C and increases smoothly 
from 3.5 V at 800 us to 5 V at 950 us. The current ILED 
through the light emitting diode LED, shown in FIG.5D is 
turned off to OA, and the current IL through the inductor L 
enters into a periodic oscillation required to establish a con 
stant output voltage VOUT. 

FIGS. 5A-5D generally show the smooth transition when 
Switching from the current regulation mode to the Voltage 
regulation mode. VREF2 in FIG. 5A reflects the controlled 
reference voltage. Before 800 us, the current regulation mode 
is carried out. When the DC-DC converter is switched to the 
voltage regulation mode at 800 us, the internal reference 
voltage VREF2 starts to ramp up slowly, which allows to 
boost regulation loop to follow and therefore ramp up VOUT 
to 5 V without a significant impact on the inductor current IL. 

Those skilled in the art to which the invention relates will 
appreciate that the described embodiments are merely illus 
trative examples, and that there are many other possible 
embodiments and variations thereof, within the scope of the 
claimed invention. 
What is claimed is: 
1. A DC-DC converter comprising 
a power stage driven by a pulse width modulator, 
a first error amplifier with a first input coupled to a first 

reference Voltage source and a second input coupled to a 
current sink through which a current is fed from an 
output of the power stage to receive a first feedback 
Voltage; 

a second error amplifier with a first input coupled to a 
second reference Voltage source and a second input 
coupled to the output of the power stage to receive a 
second feedback voltage; and 

a Switch for connecting a control input of the pulse width 
modulator with the output of the first error amplifier in a 
current regulation mode and with the output of the Sec 
ond error amplifier in a Voltage regulation control mode; 

a reference Voltage controller for dynamically changing 
the value of the second reference voltage source to 
reduce transients, upon Switching between the Voltage 
and current regulation modes, wherein the reference 
Voltage controller is configured and adapted to change 
the value of the second reference voltage source from a 
predetermined value towards the first reference voltage 
after a transition from the Voltage regulation mode to the 
current regulation mode; to Supply a first comparison 
result to the input of the pulse width modulator by the 
switch only when the second reference voltage is sub 
stantially equal to the first reference Voltage; to keep the 
second reference Voltage close to the second feedback 
Voltage in the current regulation mode; and to change the 
second reference voltage back to the predetermined ref 
erence Voltage value only after connecting the output of 
the second error amplifier to the control input of the 
pulse width modulator by the switch in response to a 
transition from the first Voltage regulation mode to the 
current regulation mode. 
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